Introduction
Arabidopsis halleri is a Zn hyperaccumulator, occurring mainly in the zinc-and lead-polluted areas of central Europe (Ernst 1974) . In their natural habitats, some populations of A. halleri can accumulate Zn to 410,000 mg kg À1 of shoot dry weight (Bert et al. 2000 , Bert et al. 2002 , Macnair et al. 2002 , while in hydroponic culture the plant accumulated up to 32,000 mg Zn kg À1 DW in the shoot without showing any toxicity symptoms . Arabidopsis halleri is also able to hyperaccumulate Cd. Field surveys showed that some populations accumulated Cd to 4100 mg kg À1 shoot DW (DahmaniMuller et al. 2000 , Bert et al. 2002 , which is often used as one of the criteria to define Cd hyperaccumulation. In hydroponic experiments, A. halleri could accumulate Cd to 41,000 mg kg À1 in shoot DW (Ku¨pper et al. 2000 , Zhao et al. 2006 , although growth was inhibited when shoot Cd exceeded approximately 230 mg kg À1 (Zhao et al. 2006 ). Metal hyperaccumulators such as A. halleri possess an efficient root uptake system. Gene expression profiling using Arabidopsis thaliana ATH1 Genome Array has shown that a number of genes in the ZIP (zinc iron-regulated proteins) family are constitutively expressed at high levels in A. halleri roots (Becher et al. 2004 , Weber et al. 2004 , Talke et al. 2006 . These genes, encoding metal transporter proteins, may be responsible for the influx of Zn 2þ and Cd 2þ into root cells, although their exact functions in A. halleri have not been characterized yet. Evidence from physiological studies suggests that Cd may enter root cells partly through the Zn uptake pathway in A. halleri, because Zn inhibited both short-term influx of 109 Cd and long-term accumulation of Cd (Zhao et al. 2006) . Bert et al. (2003) studied Zn and Cd accumulation in the backcross progeny derived from a cross between A. halleri and a nonaccumulating species Arabidopsis lyrata ssp. petraea. They found a significant positive correlation between the concentrations of Zn and Cd in the shoots, suggesting that the two metals may be transported, at least partly, by the same transporter(s).
In addition to uptake, an efficient root to shoot translocation is thought to be one of the most important characters of metal hyperaccumulators, although this process is not well understood. Lasat et al. (1996 Lasat et al. ( , 1998 reported that the hyperaccumulator Thlaspi caerulescens translocated a large amount of Zn from roots to shoots rapidly, whereas the non-accumulator Thlaspi arvense tended to store the metal in the root vacuoles. In A. thaliana, two P 1B -type heavy metal ATPases, AtHMA2 and AtHMA4, were found to play an important role in the root to shoot translocation of Zn (Hussain et al. 2004 , Verret et al. 2004 ). Introduction of AtHMA4 in the widetype yeast increased its resistance to Cd and Zn, whereas disruption of AtHMA4 function resulted in increased sensitivity to elevated levels of Cd and Zn in A. thaliana (Mills et al. 2005) . These transporters are localized at the plasma membranes and predominantly expressed in the root vascular tissues, probably functioning as efflux pumps (Mills et al. 2005 ). Papoyan and Kochian (2004) suggested that T. caerulescens HMA4 was involved in the xylem loading of Zn and Cd, and the expression was up-regulated when plants were exposed to high levels of Cd and Zn, whereas the expression of AtHMA4 was down-regulated in A. thaliana. A cross-species microarray analysis showed that some of the genes encoding the HMA family proteins were expressed at high levels not only in the shoots, but also in the roots of A. halleri compared with A. thaliana (Becher et al. 2004 , Talke et al. 2006 , although their functions have not been characterized. In contrast, Kra¨mer et al. (1997) reported similar rates of Ni translocation from roots to shoots in the Ni-hyperaccumulator (Thlaspi goesingense) and non-hyperaccumulator (T. arvense). They concluded that an enhanced internal detoxification was sufficient to explain the Ni hyperaccumulation phenotype in T. goesingense.
In this study, the physiological aspect of Cd xylem loading in A. halleri was investigated. Furthermore, the translocation form of Cd in the xylem sap was determined.
Results

Cadmium accumulation and tolerance
Accumulation of and tolerance to Cd was investigated at different Cd concentrations. The Cd concentration in the shoot increased significantly with increasing external Cd concentration and reached 1,500 mg kg À1 at 10 mM Cd (Fig. 1A) . At this Cd concentration, growth of both roots and shoots was not significantly affected (P40.05) (Fig. 1B) . These results confirm that A. halleri is able to accumulate and tolerate high levels of Cd.
Physiological characterization of Cd transfer from the root medium to xylem
In all experiments, xylem saps were collected for only a short period (30 min) after decapitation, so that the concentrations of Cd measured can be considered to represent those in the intact plants. The volume of xylem sap ranged from 5 to 10 ml per plant in all treatments except those with carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 2-3 ml per plant).
In the time-course experiment, the Cd concentration in the xylem sap was detected at 1 h after the exposure to Cd, and increased with time, reaching a plateau at about 8 h (Fig. 2) . At 2 h after the exposure, the Cd concentration in the xylem sap was already five times more than that in the external solution.
In the concentration-dependent experiment, Cd concentration in the xylem sap increased linearly with increasing free Cd 2þ concentration in the external solution, and was approximately 10-fold higher than that in the external solution (Fig. 3) .
The effect of the metabolic inhibitor CCCP on the Cd concentration in the xylem sap was investigated. The presence of 0.01% ethanol did not significantly (P40.05) affect the Cd concentration in the xylem sap (Fig. 4) . Cd transfer from the root medium to the xylem was almost completely inhibited by the presence of 0.5 mM CCCP (P50.01; Fig. 4 ).
In the Zn and Cd competition experiment,490% of the Cd and Zn in the uptake solution existed in the free ionic form ( Table 1 ). The Cd concentration in the xylem sap was decreased by 73% (P50.01) by the high Zn (10 mM) treatment compared with the control (1 mM Zn) (Fig. 5A) . However, even in the high Zn treatment, the Cd concentration in the xylem sap was still 45 times higher than that in the external solution. The Zn concentration in the xylem sap was significantly (P50.01) higher (by 56%) in the high Zn treatment than in the control (Fig. 5B) . The effect of Fe deficiency on Cd transfer from the root medium to the xylem was also examined. A group of plants were subjected to Fe deficiency for 7 d. The Cd concentration in the xylem sap collected from the -Fe plants was 3.6-fold higher than that of the þFe plants (P50.01; Fig. 6A ). This indicates that Cd transfer from the root medium to the xylem is enhanced by Fe deficiency.
The expression of the iron transporter gene AhIRT1 in both roots and shoots was also examined. AhIRT1 was mainly expressed in the roots, and its level of expression increased markedly with the development of Fe deficiency, particularly after -Fe treatment for 3 d (Fig. 6B ). Table 2 shows the concentrations of major cations and anions in the xylem sap. The form of Cd in the xylem sap was first identified by using the 113 Cd-nuclear magnetic resonance (NMR) technique. The sap sample was collected from the plants exposed to 35 mM 113 Cd for 9.5 h. The 113 Cd-NMR spectra of the xylem sap (containing 195 mM Cd, pH 5.7) showed only one major signal at a chemical shift of 0.28 ppm (Fig. 7A ). This chemical shift was similar to that of Cd(NO 3 ) 2 (0.27 ppm). Because citrate was the major organic anion in the xylem sap (Table 2) , the chemical shift of [ 113 Cd]citrate at different ratios was also measured (Fig. 7B ). The chemical shift varied from -4 to -16 ppm when the molar ratio of citrate:Cd increased from 1 : 1 to 1 : 7 (Fig. 7B) ; none of these values was similar to that of the xylem sap (Fig. 7A ). This suggests that Cd in the xylem sap is not complexed with citrate. Cd-NMR spectra of the xylem sap and Cd(NO 3 ) 2 (A) and Cd-citrate complexes (B). The xylem sap was collected from plants which had been exposed to 35 mM The form of Cd in the xylem sap was also simulated using the chemical speciation program Geochem-PC (Parker et al. 1995) in the plants exposed to 1 mM Cd for 8 h. The possible ligands in the xylem sap were determined by HPLC. Citrate and histidine were detected, but cysteine and glutathione were below the limits of detection (nM level) ( Table 2 ). The peak of nicotinanamine was too small to be quantified. The simulation results showed that Cd was present mostly in the inorganic forms, either as free metal ions (85.7%) or complexed with sulfate (7.7%), with little Cd-citrate complexation (3.2%) or Cd-histidine (0.1%) ( Table 3) . Citrate was found to complex mainly Zn (55.3%) and Ca (33.9%), and histidine was present in a form with H þ (87.1%) and as a Zn complex (12.9%) (Table 3) . Therefore, the results from the Geochem-PC simulation with regard to the Cd form were consistent with the 113 Cd-NMR spectrum.
The form of Cd in xylem sap
Discussion
Hyperaccumulation of a metal from soil to plant shoot requires a transport system that can release the metal into the xylem efficiently, in addition to an efficient system for uptake from the external solution into the root cells. While there have been numerous studies on metal accumulation in the shoot of hyperaccumulators in general, or more specifically the root uptake process, few studies have attempted to characterize the xylem loading process. In the present study, we investigated the physiological aspect of Cd transfer from the root medium to xylem and its form of translocation in the xylem sap in the Cd hyperaccumulator A. halleri. A relatively low Cd concentration (1 mM) was used in most experiments of the present study; this concentration is considered to be realistic for Cd in the soil solutions of Cd-contaminated soils (Knight et al. 1997) . Arabidopsis halleri accumulated high levels of Cd in the shoots without growth inhibition at this concentration (Fig. 1) . This is in contrast to A. thaliana, whose growth is inhibited at 0.1 mM Cd (Van Belleghem et al. 2007 ).
Analysis of Cd in the xylem sap showed that Cd could be detected at 1 h after the exposure, and its concentration exceeded that in the external solution (Fig. 2) . In the concentration-dependent experiment, the Cd concentration in the xylem sap was approximately 10-fold higher than that in the external solution (Fig. 3) . Furthermore, Cd transfer to the xylem was completely inhibited by the metabolic inhibitor CCCP (Fig. 4) . We also determined the Cd concentration in the root cell sap at the end of the treatment. Although the concentration of Cd in root cell sap (Fig. 4) was decreased in the presence of CCCP, it still exceeded that in the external solution (data not shown), suggesting that the complete inhibition of CCCP on Cd transfer to the xylem sap (Fig. 4) was not indirectly caused by an inhibitory effect on Cd uptake. These results suggest that the Cd transfer from the root medium to the xylem is an energy-dependent process. Lasat et al. (1998) showed that the Zn concentration in the xylem sap collected from T. caerulescens was approximately 10-to 50-fold higher than that in the external solution, depending on the concentration of Zn supplied. In contrast, Lombi et al. (2001) reported lower concentrations of Cd in the xylem saps of T. caerulescens than those in the external solutions, although they used a pressure chamber to collect xylem saps, which resulted in a much higher xylem flow rate and could have diluted the concentration of Cd. In addition, they supplied plants with a high concentration of Cd (100 mM).
It is known that there are competitive interactions between Cd and Zn during the uptake process in nonhyperaccumulating plants, because the two metals have similar chemical properties (Cataldo et al. 1983 , Pence et al. 2000 , Hart et al. 2002 . In A. halleri, there is some evidence that Zn and Cd uptake may share the same pathway to certain extent. In both short-term (20 min) and long-term (3 weeks) experiments, Zn was found to inhibit Cd uptake (Zhao et al. 2006) . Bert et al. (2003) also obtained a significant positive correlation between the accumulation of Zn and Cd in the backcross progeny of A. halleri and the non-accumulator Arabidopsis lyrata ssp. petraea, when they were grown under the same conditions. In the present study, Cd transfer to the xylem was found to be competitively The speciation was simulated using Geochem-PC (Parker et al. 1995) . The input data for simulation were from Table 2 . Data represent means AE SD (n ¼ 3).
inhibited by Zn (Fig. 5) . The effect of Zn on Cd transfer to the xylem observed in the present study may result from Zn-reduced uptake by competition for the Zn/Cd transporters on the plasma membranes of root cells and/or a direct competition for the transporters involved in the xylem loading. When the Zn concentration in the external solution increased from 1 to 10 mM, the Cd concentration in the root cell sap was decreased by 70% (data not shown), suggesting that Zn competes with Cd at the uptake site. Competition in the xylem loading process is supported by previous reports that HMA4 is highly and constitutively expressed in A. halleri (Talke et al. 2006 ) and possibly mediates both Zn and Cd transport from roots to shoots (Hussain et al. 2004 , Mills et al. 2005 , Talke et al. 2006 ). However, it should be noted that even with 10 times more Zn than Cd in the external solution, the Cd concentration in the xylem sap was still five times higher than that in the external solution (Fig. 5A ), suggesting that a putative transporter involved in the xylem loading of Cd has a high affinity for Cd in A. halleri. In addition, it is also known that the expression of Zn transporters is down-regulated by treatment with high concentrations of Zn within 2 h (Talke et al. 2006) . Therefore, decreased Cd transfer at high Zn concentrations could also partly result from the regulatory effects of increased Zn concentrations.
Iron deficiency was found to increase the Cd concentration in the xylem sap dramatically (Fig. 6A ). This result is consistent with a study with T. caerulescens (the high Cdaccumulating ecotype Ganges), in which the uptake of Cd was enhanced by iron deficiency (Lombi et al. 2002) . Iron uptake in the roots is mainly mediated by the transporter IRT1 and its expression is up-regulated by Fe deficiency in Arabidopsis (Connolly et al. 2002 , Vert et al. 2002 . In the present study, we also found that the expression of AhIRT1 was enhanced by Fe deficiency treatment (Fig. 6B ). IRT1 has a broad substrate specificity, with abilities to transport Fe, Cd, Zn and Mn in IRT1-expressing yeast (Eide et al. 1996 , Korshunova et al. 1999 , Rogers et al. 2000 . Plants overexpressing IRT1 accumulate more Zn and Cd than wild-type plants (Connolly et al. 2002) . Therefore, the Fe deficiency-induced increase in the Cd concentration in the xylem sap may be a result of the enhanced uptake of Cd through IRT1.
To identify the form of Cd in xylem translocation, 113 Cd-NMR spectroscopy combined with a stable isotope ( 113 Cd) labeling technique was used.
113 Cd-NMR spectroscopy has been used to study the metal environment in biological and environmental samples (Grassi and Gatti 1995 , Sadler and Viles 1996 , Grassi and Mingazzini 2001 . The technique was recently used to identify the main storage form of Cd in the leaves of T. caerulescens (Ueno et al. 2005) . The chemical shift of 113 Cd differs when the metal is coordinated with different ligands (Kostelnik and Bothner-By 1974) . The 113 Cd-NMR spectra clearly showed that Cd was transported predominantly in the free ionic form in the xylem sap of A. halleri (Fig. 7) . Because of a relatively low detection limit of 113 Cd-NMR, the xylem sap used for NMR measurement was collected from the plants exposed to 35 mM Cd. This relatively high concentration may cause different speciation of Cd in the xylem sap. To investigate this possibility, we computed Cd speciation in the xylem saps from the plants exposed to 1 mM Cd using Geochem-PC. The candidate ligands of Cd in the xylem sap include citrate, histidine, cysteine, glutathione and nicotinanamine; of these, only citrate was present at a substantial concentration (Table 2 ). Citrate has been reported to play an important role in the xylem loading of metals such as Al and Fe Hiradate 2000, Durret et al. 2007 ). However, the simulation analysis revealed that very little Cd was complexed with citrate in the xylem sap, with most of the Cd being present in the free ionic form (Table 3) . These results supported the data from the 113 Cd-NMR analysis even though different Cd concentrations were used. Lasat et al. (1998) detected malate and acetate as the only organic acids in the xylem sap of T. caerulescens, both of which have a low complexation ability for Zn. In contrast, using X-ray absorption spectrometry, Salt et al. (1999) showed that approximately 20% of the xylem sap Zn in T. caerulescens was complexed with citrate, with the remaining 80% in the aqueous free ionic form. Our simulation results also showed that about half of the Zn in the xylem sap of A. halleri was complexed with citrate (Table 3 ). In the Ni-hyperaccumulator Alyssum lesbiacum, Kra¨mer et al. (1996) observed that Ni exposure elicited a proportional increase of histidine in the xylem sap and that Ni-histidine complexes existed in vivo. They further showed that enhanced release of Ni into the xylem was associated with concurrent release of histidine from an increased root free histidine pool in both A. lesbiacum and Brassica juncea (Kerkeb and Kra¨mer 2003) . Salt et al. (1995) showed that Cd was coordinated with a sulfur ligand such as phytochelatin in the shoot and root of B. juncea, and with oxygen or nitrogen ligands in the xylem sap. Gong et al. (2003) also found that phytochelatin is involved in long-distance root to shoot transport of Cd in Arabidopsis. These observations suggest that the chemical forms of heavy metal vary with plant species and metals. Because Cd is relatively mobile in terms of the root to shoot transport compared with other heavy metals, and xylem vessels are not sensitive to metal toxicity, complexation with organic ligands may not be necessary for Cd to move from roots to shoots in A. halleri.
We have attempted to compare xylem transport of Cd in A. halleri with the non-hyperaccumulator A. thaliana. However, the comparison was confounded by the problem of having to supply different concentrations of Zn to the two plant species to achieve healthy growth. Arabidopsis halleri has a high demand for Zn, requiring at least 10 mM Zn for healthy growth; at this concentration, A. thaliana already suffered from Zn toxicity. When A. thaliana was supplied with a non-toxic concentration of 0.4 mM Zn, Cd was found to be transferred to the xylem sap efficiently (or as efficiently as in A. halleri supplied with 10 mM Zn) (data not shown). Because of the competitive effect of Zn on Cd transport (Fig. 5) , a direct comparison between A. halleri and A. thaliana was not possible in our experiments. Nevertheless, we found that A. halleri was much more tolerant to Cd than A. thaliana (data not shown). This suggests that internal detoxification is also important for hyperaccumulation of Cd, as has been observed in the Ni-hyperaccumulator T. goesingense (Kra¨mer et al. 1997 ).
In conclusion, xylem loading of Cd by the hyperaccumulator A. halleri is an energy-dependent and rapid process, which appears to be partly shared with the Zn and Fe pathway. Inside the xylem vessels, Cd is translocated in inorganic forms, mainly as aqueous free ions.
Materials and Methods
Plant materials and growth condition
Seeds of A. halleri from a metallicolous population in Blankenrode, Germany, were sown on filter paper moistened with deionized water in a Petri dish, and stored in a refrigerator at 48C for 2 d. After that, the seeds were germinated in the dark at 208C. After 15 d, the seedlings were transferred to a 3.5 l plastic pot (18 seedlings per pot) containing an aerated nutrient solution, which contained the following macronutrients (in mM): KNO 3 (1), Ca(NO 3 ) 2 (1), MgSO 4 (0.4) and (NH 4 )H 2 PO 4 (0.2); and micronutrients (in mM): Fe-EDTA (40), H 3 BO 3 (3), MnCl 2 (0.5), CuSO 4 (0.2), ZnSO 4 (10) and (NH 4 ) 6 Mo 7 O 24 (1). The pH of the nutrient solution was adjusted to 5.8 with 1.0 N NaOH. The plants were pre-cultured at 258C in a temperature-controlled growth chamber (light intensity 180 mmol m À2 s
À1
, 14 h day/10 h night, 70% relative humidity). The nutrient solution was renewed every 3 d during the culture period. Seedlings which were 28-35 d old were used for collection of xylem sap. For the characterization of Cd transfer to xylem, CdSO 4 was added to the uptake solution for 8 h before the collection of xylem sap. During this period, Fe-EDTA was excluded from the nutrient solution composition to avoid complexation of Cd by EDTA. All experiments were repeated independently at least three times.
Cadmium accumulation and tolerance
Seedlings of A. halleri (30 d old) prepared as described above were transplanted to a 1.2 l pot (four plants per pot) filled with a nutrient solution (pH 5.8) containing 0, 1 or 10 mM Cd. During the Cd treatment period, 100 mM Fe-EDDHA was used instead of Fe-EDTA to avoid the complexation of Cd with EDTA. After 12 d, the plants were harvested, separated into roots and shoots, and dried at 708C for 2 d. The weight of roots and shoots was recorded. The concentrations of Cd in roots and shoots were determined after digestion with nitric acid as described below.
Collection of xylem sap
Xylem sap was collected with a micropipet after decapitating at 1 cm above the roots. The collection was carried out at around 17:00 h and continued for 30 min.
Time-course and concentration-dependent experiments
In all experiments, xylem sap was collected with a micropipet for 30 min just after stems were decapitated. In a time-course experiment, seedlings prepared as above were transferred to a 3.5 l pot (18 seedlings per pot) containing the uptake solution with 1.0 mM Cd (as CdSO 4 ). Xylem sap was collected at 0, 1, 2, 4, 8 and 12 h after the Cd treatment started. Three seedlings were used at each time point.
A concentration-dependent experiment was performed by exposing seedlings (35 d old) to the uptake solution containing different Cd concentrations (0.5, 1, 2, 5 and 10 mM) in 1.2 l pots (four seedlings per pot). After 8 h, stems were severed and the xylem sap was collected.
Effect of metabolic inhibitor on Cd transfer from the root medium to xylem
To investigate the effect of metabolic inhibitor, seedlings were exposed to the uptake solution (three seedlings per 1.2 l pot) containing 1.0 mM Cd with or without 0.5 mM CCCP. CCCP was dissolved in ethanol before being added to the uptake solution, with a final ethanol concentration of 0.01% (v/v). A separate uptake solution containing 0.01% ethanol without CCCP was also prepared. The treatments lasted 8 h before the collection of xylem.
Effect of Zn and Fe deficiency on Cd transfer from the root medium to xylem
To investigate the effect of Zn, seedlings were pre-cultured with the nutrient solution containing 10 mM Zn for 23 d, and then treated with 1 mM Zn for 8 d. After that, seedlings were transferred to the uptake solution containing 1 mM Cd in the presence of 1 or 10 mM Zn.
The effect of Fe deficiency was examined by exposing the seedlings (28 d old) that had been cultured in the presence or absence of Fe-EDTA for 7 d to a nutrient solution containing 1 mM Cd. The xylem sap was collected at 8 h after exposure to Cd as described above. To examine the expression of IRT1, root and shoot samples were taken at days 0, 1, 3, 5 and 7 after Fe deficiency treatment. Total RNA was extracted using an RNeasy plant mini kit (Qiagen, Germantown, MD, USA), followed by reverse transcription to cDNA with a SuperScript first-strand synthesis kit (Invitrogen, Carlsbad, CA, USA). Quantitative reverse transcription-PCR was performed in a 20 ml reaction volume containing 1 ml of 1 : 10 diluted cDNA, 200 nM of each genespecific primer, and SYBR Premix Ex Taq (TAKARA BIO INC., Shiga, Japan) using Applied Biosystems 7500. Primers for AhITR1 was designed based on Arabidopsis IRT1 and the sequences were 5 0 -AATGTGGAAGCGAGTCAGCG-3 0 (forward) and 5 0 -GCGA GAAATCCGGAGAAAGG-3 0 (reverse). Actin was used as a standard, with the following sequences, 5 0 -GAGACTTTCAA TGCCCCTGC-3 0 (forward) and 5 0 -CCATCTCCAGAGTCGA GCACA-3 0 . The data were normalized on the expression of the roots at day 0.
Determination of inorganic and organic ion concentrations in xylem sap
The concentrations of Cd and Zn in xylem sap were determined by atomic absorption spectrometry (Z-2000, Hitachi, Tokyo, Japan), after dilution with 0.1 N HNO 3 . The concentrations of inorganic anions and other cations in the xylem sap were determined by ion chromatography (model 761 Compact IC, Metrohm, Herisau, Switzerland) using an ion-exchange column (Shodex IC SI-90 4E, 4.0 mm Â 25 cm, Showa Denko, Tokyo, Japan) with a guard column (Shodex IC SI-90G, 4.6 mm Â 10 cm) for analysis of anions, and an ion-exchange column (Shodex IC YK-421, 4.6 mm Â 12.5 cm) with a guard column (Shodex IC YK-G, 4.6 mm Â 10 cm) for analysis of cations, respectively. Both columns were kept at around 258C. The mobile phase was 1.8 mM Na 2 CO 3 þ 1.7 mM NaHCO 3 for anions and 4.0 mM H 3 PO 4 for cations. The flow rates of both eluents were 1.0 ml min
À1
. Electric conductivity was detected. Standard solutions for anions and cations were run under the same conditions for calibration.
Organic anions in the xylem sap were analyzed by HPLC using a reverse-phase column (Cosmosil 5C 18 -PAQ Waters, nacalai tesque, Kyoto, Japan). The columns were kept in a temperaturecontrolled chamber at 308C. The mobile phase was a diluted perchloric acid solution (pH 2.1), and the flow rate was 1.0 ml min
. Peaks were detected at the wavelength of 425 nm after reaction with bromothymol blue, and their areas were compared with a standard solution of organic acids Amino acids and glutathione in xylem sap were analyzed by HPLC using a cation exchange column (Shim-pack, Amino-Li, Shimadzu Co., Kyoto, Japan). The mobile phase was 0.15 M lithium citrate (pH 2.6), mixed with 0.2 M LiOH at a proportion of 2, 12 or 40% for the analysis of glutathione, cysteine and histidine, respectively. The total flow rate of the mobile phase was 0.4 ml min À1 for the analysis of glutathione and cysteine, and 0.7 ml min À1 for the analysis of histidine. The column was kept at 508C during analysis. Detection of fluorescence was conducted after reaction with NaClO and o-phthalaldehyde (Shimadzu Co., Kyoto, Japan) with emission at 450 nm and excitation at 350 nm.
Identification of the chemical form of Cd in xylem sap
Seedlings (32 d old) were exposed to the uptake solution containing 35 mM Cd-NMR spectra were obtained at 110.92 MHz (DMX-500, spectrometer; Bruker BioSpin GMBH, Germany). Cd(ClO 4 ) 2 (50 mM) was used as an external reference of the chemical shift (0 ppm). The Cd-citrate mixture at different molar ratios was prepared by mixing 10 mM 113 Cd (NO 3 ) 2 and 100 mM citrate to make a final concentration of Cd at 3.4 mM. The pH was adjusted to pH 5.6 (i.e. the pH value measured in the xylem sap of A. halleri).
Modeling of metal speciation and statistical analysis
The concentrations of free Cd 2þ and Zn 2þ in the uptake solutions were calculated with Geochem-PC (Parker et al. 1995) , and the results are shown in Table 1 . The speciation of Cd in the xylem sap was also simulated based on the data of the xylem sap collected from the plants exposed to 1 mM Cd. Analysis of variance (ANOVA) was performed on all data sets. Where necessary, data were transformed logarithmically prior to ANOVA to stabilize the variance.
